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INTRODUCTION: 


First  line  of  therapy  for  advanced  prostate  cancer  (PCa)  is  androgen-deprivation  therapy  (ADT) 
through  surgical  or  chemical  castration;  however,  in  majority  of  cases,  tumors  relapse  in  a 
hormone  refractory  or  castration-resistant  (CR)  form  (1).  Once  the  PCa  has  recurred  in  CR 
form,  it  progresses  to  a  highly  aggressive  disease  with  frequent  metastasis  and  poses  an 
increased  risk  of  morbidity  and  death  (1).  Previously,  we  demonstrated  that  PPP2CA,  which 
encodes  the  catalytic-subunit  (alpha-isoform)  of  the  protein  phosphatase  2A  (PP2ACa),  is 
downregulated  in  CR  PCa  (2).  The  level  of  PP2ACa  was  decreased  in  majority  of  CR  PCa  cell 
lines  and  cancer  lesions  as  compared  to  the  adjacent  normal/benign  tumor  tissues  (2).  Another 
study  also  reported  the  downregulated  expression  of  (3-isoform  of  PP2A  catalytic  subunit 
(PP2ACp)  in  PCa  (3).  PP2ACa  and  PP2ACp  share  97%  identity  and  are  ubiquitously  expressed; 
however,  PP2ACa  is  about  10  times  more  abundant  than  PP2ACp  (4).  PP2ACa/p  is  a  well 
conserved  subunit  of  PP2A  serine/threonine  phosphatases,  and  the  in  vivo  activity  of  PP2A  is 
provided  by  related  complexes  that  exist  either  as  hetero-dimers  or  hetero-trimers  with  scaffold 
(A)  and  regulatory  (B)  subunits  (5). 

Based  on  these  supporting  data,  we  hypothesized  that  dvsreaulation  of_  PP2A  plays  an 
important  role  in  the  progression  of  prostate  cancer. 

To  test  our  hypothesis,  we  proposed  three  specific  aims: 

Aim  1 :  Examine  the  biological  role  of  PP2Ac  in  androgen-independent  growth  and  malignant 
properties  of  the  prostate  cancer  cells. 

Aim  2:  Define  the  molecular  pathways  that  are  responsive  for  the  changes  in  PP2A  signaling 
and  establish  their  association  with  observed  phenotype. 

Aim  3:  Establish  the  clinical  significance  of  the  experimental  findings. 

BODY: 

Task  1:  To  develop  stable  transfectants  from  the  prostate  cancer  cell  lines  with  knockdown  or 

exogenous  expression  of  PP2Aca. 

We  are  working  with  three  prostate 
high  PP2Aca  expression),  C4-2 
(castration-resistant;  AR  positive; 
low  PP2Aca  expression),  and 
PC3  (castration-resistant,  AR 
negative;  low  PP2Aca 
expression).  To  investigate  the 
role  of  PPP2CA  downregulation 
in  the  castration-resistance  and 
aggressive  malignant 

characteristics  of  PCa,  C4-2  and 
PC3  (low  PPP2CA  expressing) 
and  LNCaP  (high  PPP2CA- 
expressing)  PCa  cells  were  stably  transfected  to  generate  their  respective  PPP2CA- 
overexpressing  and  -knockdown  sublines  (from  pooled  PPP2CA-overexpressing  and  PPP2CA- 


cancer  cell  lines:  LNCaP  (castration-  sensitive;  AR  positive; 
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Fig.  1:  Stable  overexpression  and  silencing  of  PPP2CA  in  PCa  cells.  (A) 

Immunoblot  analysis,  (B)  Assay  of  PP2A  activity.  Data  shown  as  mean  ±  S.D. 
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kowckdown  clones,  respectively)  along  with  their  respective  control  transfectants.  Later,  these 
cells  were  characterized  for  the  PP2Aca  expression  and  activity  by  immunoblot  and  malachite 
green  based  assay,  respectively.  Data  demonstrate  that  expression  and  activity  of  PP2Aca  both 
are  upregulated  in  C4-2-PPP2CA  and  PC3-PPP2CA  cells,  whereas  decreased  in  case  of 
LNCaP-shPPP2CA  cells  as  compared  to  their  respective  controls  (Figure  1  A  and  B). 

Task  2:  To  examine  the  effect  of  PPP2CA  overexpression  /silencing  on  prostate  cancer  cell 
phenotype. 

We  have  employed  pharmacological  and  siRNA-mediated  approaches  to  manipulate  PPP2CA 
expression  in  PPP2CA-overexpressing  LNCaP  cells. 

Our  data  demonstrate  that  PP2A  activity  is  decreased 
following  treatment  with  fostriecin  (~77.27%  and 
89.32%  at  50nM  and  lOOnM,  respectively)  or 
transfection  with  PPP2CA-specific  siRNA  (-74%)  that 
resulted  in  over  80%  reduction  in  gene  expression 
(Figure  2).  In  next  set  of  experiments,  we  analyzed  the 
effect  of  PP2A  inhibition  on  the  growth  of  LNCaP  cells 
under  steroid-depleted  condition.  LNCaP  cells  were 
treated  with  fostriecin  (100  nM)  or  DHT  (1  nM)  under 
steroid-reduced  condition.  Alternatively,  following 
transfection  with  scrambled-  or  PPP2CA- specific 
siRNAs  for  24  h,  LNCaP  cells  were  placed  in  steroid- 
reduced  growth  media.  Growth  of  the  LNCaP  cells 
was  analyzed  by  MTT  assay  after  96  h  of  treatments 
(Figure  3).  We  observed  that  LNCaP  cells  under 
steroid-depleted  condition  had  -4.3  fold  decreased  cell  growth  as  compared  to  the  cells  grown 
in  regular-media.  The  treatment  with  either  DHT  or  fostreicin  had  a  rescue  effect  exhibiting 
-3.83  fold  and  -3.06  fold  growth  induction,  respectively.  Similarly,  siRNA-mediated  silencing  of 
PPP2CA  also  resulted  in  increased  growth  (-2.85  fold)  as  compared  to  the  scrambled-siRNA 
transfected  control  cells  under  steroid-depleted 
condition  (Figure  3).  These  findings  suggest  that 
the  down-modulation  of  PP2A  enables 
androgen-dependent  prostate  cancer  cells  to 
grow  under  steroid-deprivation  and  thus  may 
have  an  important  role  in  androgen-independent 
growth  of  prostate  cancer. 


Our  subsequent  studies  provided  evidence  that 
PP2A  inhibition  sustains  growth  of  LNCaP  cells 
under  androgen-deprived  condition  by 
preventing  steroid-depletion  induced  cell  cycle 
arrest  and  apoptosis.  The  proliferation  index  was 
determined  by  DHT  or  fostriecin  treatments  of 
synchronized  LNCaP  cells  followed  by 
propidium-iodide  staining  and  flow  cytometry 
(Figure  4).  In  accordance  with  previously  published  reports  (6;7),  our  data  showed  arrest  of 
LNCaP  cells  in  G0/G-i  phase  of  cell  cycle  under  steroid-reduced  condition,  an  effect  that  was 
abrogated  upon  treatment  with  DHT  (1  nM)  (Figure  4).  Furthermore,  we  observed  that  the 
inhibition  of  PP2A  by  either  fostriecin  or  siRNA-mediated  silencing  of  PPP2CA  also  led  to  the 


4.34  fold' 


Fig.  3:  Effect  of  PP2A  inhibition  on  androgen- 
independent  growth  of  LNCaP  cells.  FBS:  fetal  bovine 
serum  (steroid)-containing  media,  CSS:  charcoal-stripped 
serum  (steroid-deprived)  containing  media,  DHT: 
dihydro-testerone,  Fos:  fostriecin,  Scr:  scrambled 
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release  of  steroid  depletion-induced  cell  cycle  arrest 
of  LNCaP  cells.  The  total  percentage  of  LNCaP  cells 
that  entered  S-phase  and  then  progressed  to  G2/M 
phase  was  27.78%  upon  fostriecin  treatment  as 
compared  to  18.22%  in  CSS-only  treated  LNCaP 
cells.  Similarly,  20.96  %  of  PPP2CA- silenced 
LNCaP  cells  were  in  S  and  G2/M  phases  as 
compared  to  15.0%  in  scrambled-siRNA  transfected 
cells  (Figure  4).  To  analyze  the  apoptotic  index,  we 
stained  the  cells  with  CaspACE  FITC-VAD-FMK,  a 
fluorescent  analog  of  a  pan-caspase  inhibitor  that 
binds  to  the  active  caspases.  As  a  measure  of 
activity  of  caspases  or  apoptosis,  we  counted  the 
fluorescently-stained  LNCaP  cells  in  10  random 
fields  of  view  under  a  fluorescence  microscope 
(Figure  5).  Our  data  showed  that  steroid-depletion 
led  to  enhanced  apoptosis  of  LNCaP 
cells  (3.34  fold),  which  could  be 
suppressed  up  to  1.67  and  2.35  folds 
by  treatment  with  DHT  and  fostriecin, 
respectively.  Similarly,  PPP2CA- 
silencing  also  led  to  the  reduction  of 
apoptosis  (2.1  fold)  under  steroid- 
depriviation.  Our  data  thus 
demonstrate  that  PP2A  inhibition 
supports  the  growth  of  LNCaP  cells 
under  androgen-depleted  condition  by 
preventing  cell  cycle  arrest  and 
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Fig.  4:  Effect  of  PP2A  inhibition  on  relieving 
steroid-deprivation-induced  cell  cycle  arrest. 

FBS:  fetal  bovine  serum  (steroid)-containing  media, 
CSS:  charcoal-stripped  serum  (steroid-deprived) 
containing  media,  DHT:  dihydrotesterone,  Fos: 
fostriecin,  Scr:  scrambled  sequence. 
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Fig.  5:  PP2A  inhibition  suppresses  steroid-deprivation-induced 
apoptosis.  FBS:  fetal  bovine  serum  (steroid)-containing  media,  CSS: 
charcoal-stripped  serum  (steroid-deprived)  containing  media,  DHT: 
dihydro-testerone,  Fos:  fostriecin,  Scr:  scrambled  sequence. 
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apoptosis. 

As  C4-2  cells  are  androgen-independent  and  possess  low 
PP2A  activity,  we  examined  if  the  activation  of  PP2A 
would  diminish  their  growth  under  steroid-deprived 
condition.  For  this,  we  treated  the  C4-2  cells  with 
ceramide,  which  is  known  to  activate  PP2A  (8;9)  and 
observed  its  effect  on  their  growth.  Our  data  showed  that 
ceramide  treatment  led  to  an  increase  (>  2.0  fold)  in  the 
activity  of  PP2A  in  C4-2  cells  under  both  FBS  and  CSS 
conditions.  Furthermore,  we  observed  that  the 
pretreatment  of  cells  with  fostriecin  could  arrest  the 
ceramide-induced  PP2A  activity  (Figure  6A).  Treatment  of 
C4-2  cells  with  ceramide  decreased  their  growth  (-34%) 
in  regular  media,  whereas  in  steroid-deprived  media, 
ceramide  treatment  showed  even  more  potent  effect  (~ 

71%  decrease  in  growth)  (Figure  6B).  To  confirm  that  the 
effect  of  ceramide  on  cellular  growth  was  mediated 
through  PP2A,  we  inhibited  PP2A  activity  by  pre-treating 
the  C4-2  cells  with  fostriecin.  Our  data  demonstrated  that 
the  inhibition  of  PP2A  significantly  attenuated  ceramide-induced  growth  inhibition  of  C4-2  cells 
under  steroid-depleted  condition. 


ess 


Fig.  6:  A.  Ceramide  induces  PP2A  activity 
in  C4-2  cells,  which  could  be  effectively 
suppressed  by  fostricin.  B.  Ceramide- 
induced  growth  suppression  of  C4-2  cells 
and  rescue  effect  of  fostriecin. 
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We  also  phenotypically  characterized  stable  PCa  sublines  that  are  either  overexpressed  (C4-2 
or  PC-3)  or  are  silenced  (LNCaP)  for  PPP2CA  expression.  For,  growth  kinetics,  cells  (IxlO4) 
were  seeded  in  6-well  plates  and  growth  was  monitored  by  counting  the  cell  number  up  to  8 
days.  Our  data  demonstrate  that 
over-expression  of  PPP2CA  in 
C4-2  and  PC3  cells  significantly 
decrease  their  growth  rate, 
whereas  PPP2CA- silenced 

LNCaP  cells  exhibit  increased 
growth  as  compared  to  their 
respective  controls  (Figure  7A). 

The  total  number  of  LNCaP- 
shPPP2CA  cells  on  8th  day  of 
culture  indicate  31.6%  increase 
in  growth  as  compared  to 
LNCaP-Scr  cells,  whereas 
34.1%  and  35.2%  decrease  is 
observed  in  the  PPP2CA- 
overexpressing  cells  (C4-2- 
PPP2CA  and  PC3-PPP2CA,  respectively)  relative  to  their  respective  controls  (Figure  7A). 
Growth  analyses  during  exponential  phase  suggest  a  decrease  in  population  doubling  time  of 
LNCaP-shPPP2CA  (35.2  h)  cells  as  compared  with  LNCaP-Scr  (48.1  h)  cells,  whereas  C4-2- 
PPP2CA  and  PC3-PPP2CA  cells  exhibited  an  increase  in  doubling  time  (34.7  and  38.9  h, 
respectively)  compared  with  controls  [C4-2-Neo  (27.2  h)  and  PC3-Neo  (29.1  h)]  cells, 
respectively  (Figure  7B).  Altogether,  our  findings  demonstrate  that  PP2A-downregulation 
potentiates  growth  of  prostate  cancer  cells. 
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Fig.  7:  PP2A  downregulation  enhances  the  growth  of  prostate  cancer 
cells.  (A)  Cells  (IxlO4)  were  seeded  in  6-well  plates  and  growth  was  monitored 
by  counting  the  cell  number  upto  8  days.  (B)  Doubling  time  (h)  was  calculated 
during  exponential  phase  (96-144  h).  Data  shown  as  mean  ±  S.D.  (n=3);  *,  p< 
0.05. 
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Above,  we  showed  that  downregulation  of  PP2A  (by  transient  silencing  or  pharmological 
inhibition)  in  castration-sensitive  LNCaP  prostate  cancer  cells  promotes  their  growth  under 
androgen-deprived  condition.  Next,  we  examined  the  effect  of  PPP2CA- overexpression  on  the 
growth  of  C4-2  and  PC3  cells  under  androgen-depleted  condition.  For  this,  we  performed 
plating  efficiency  assay,  an 
ideal  test  to  monitor  growth 
in  long-term,  under  steroid- 
supplemented  and  -reduced 
conditions.  Cells  were 
seeded  at  low  density  (IxlO3 
cells/well)  in  steroid- 
supplemented  (FBS)  and  - 
reduced  (CSS)  media.  After 
2  weeks,  colonies  were 
stained  with  crystal  violet, 
visualized,  photographed, 
and  counted  using  Image 
analysis  software  (Gene 
Tools,  Syngene,  Frederick, 

MD).  Our  data  demonstrate 
that  plating  efficiency  of 
PPP2CA-overexpressing  C4-2  and  PC-3  cells  is  decreased  (53.4%  and  43.3%,  respectively),  as 
compared  to  their  respective  controls  under  steroid-supplemented  condition  (Figure  8). 
Interestingly,  plating  efficiency  is  decreased  further  (~72.3%  and  59.8%  in  C4-2-PPP2CA  and 


Neo  PPP2CA 


Fig.  8.  Upregulation  of  PP2A  suppresses  androgen-depletion  resistance  of 
prostate  cancer  cells.  Cells  were  seeded  at  low  density  (1x10s  cells/well)  in  steroid- 
supplemented  (FBS)  and  -reduced  (CSS)  media.  After  2  weeks,  colonies  were 
stained  with  crystal  violet,  and  visualized  and  photographed  using  imaging  system. 
Bars  represent  mean  ±  S.D;  n=3;  *,  p<  0.05. 
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PC-3-PPP2CA,  respectively)  under  steroid-deprived  condition  (Figure  8).  Thus,  our  data  provide 
additional  in  vitro  support  for  an  inhibitory  role  of  PP2A  in  castration-resistant  growth  of  prostate 
cancer  cells. 

Since  castration-resistant  stage  of  PCa  is  associated  with  increased  aggressiveness  (10),  we 
next  investigated  the  association  of  PP2A  downregulation  with  malignant  behavior  of  prostate 
cancer  cells.  We  first 
examined  the  effect  of 
PP2A  activity  modulation 
on  cell  migration  (by 
trans-well  chamber 
assays)  and  invasion 
(migration  through  a 
Matrigel-coated  porous 
membrane).  Data  show 
that  number  of  migrating 
cells  are  decreased  in 
PPP2CA- overexpressing 
C4-2  (2.3  fold)  and  PC-3 
(2.2  fold)  cells  as 
compared  to  their 
respective  controls, 
whereas  a  2.4  fold 
increase  is  observed  in 
PPP2C/\-knockdown 

LNCaP  cells  (Figure  9).  Similarly,  we  observe  a  decrease  in  invasiveness  of  PPP2CA 
overexpressing  C4-2  (2.7  fold)  and  PC-3  (2.8  fold)  cells  as  compared  to  their  respective  control 
cells,  whereas  it  is  increased  (3.0  fold)  in  PPP2CA  silenced  LNCaP  cells  (Figure  9).  Another 
behavioral  property  associated  with  tumor  cells  is  decreased  cell-cell  adhesion  that  is  required 
to  facilitate  its  dissemination.  Therefore,  we  next  examined  the  effect  of  PPP2CA- 
overexpression  on  homotypic  interaction  of  prostate  cancer  cells  in  a  cell  aggregation  assay. 
Our  data  show  an  increased  cell-cell  interaction  in  PPP2CA  overexpressing  C4-2  and  PC-3 
cells  as  compared  to  their  respective 
controls  (Figure  10).  Likewise,  we  also 
observe  decreased  cell-cell  interaction  in 
PPP2CA  silenced  LNCaP  cells  as  compared 
to  the  control  cells  (Figure  10).  Altogether, 
our  data  indicate  that  PP2A  downregulation 
is  associated  with  aggressive  behavior  of 
the  prostate  cancer  cells. 

Several  lines  of  evidence  indicate  that 
increased  malignant  potential  of  cancer  cells 
is  associated  with  their  transition  from 
epithelial  to  mesenchymal  phenotype,  a 
process  referred  as  epithelial-to- 
mesenchymal  transition  (EMT)  (11).  Thus,  to 
investigate  whether  these  effects  are 
associated  with  PPP2CA  downregulation-induced  EMT,  we  examined  actin-organization,  a 
critical  determinant  of  mesenchymal  transition  (12),  in  PPP2CA-overexpressing  or  -knockdown 
PCa  cells.  Staining  of  filamentous-actin  with  FITC-conjugated  phalloidin  revealed  the  presence 
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Fig.  9.  Effects  of  PPP2CA  modulation  on  motility  and  invasion  of  prostate  cancer 
cells:  Cells  were  seeded  in  a  transwell  chamber  (8|j  pore  size,  non-coated  or  Matrigel- 
coated)  and  allowed  to  migrate  or  invade  through  Matrigel  under  chemotactic  drive  for 
overnight.  Next  day,  the  cells  that  did  not  migrate  or  invade  through  were  removed  and 
migrated  cells  were  stained  using  a  commercial  kit.  Images  were  taken  in  10  random 
fields  (magnificationxIOO)  and  cell  number  counted.  The  data  is  presented  as  the  mean  + 
S.D,  (n=3).  *,  o<0.05. 
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of  many  filopodial  structures  in  PPP2CA-knowckdown  (C4-2-,  PC3-Neo  and  LNCaP- 
shPPP2CA)  cells,  while  they  were  absent  or  less  obvious  in  the  low  PPP2CA-expressing  (C4-2- 
,  PC3-PPP2CA  and  LNCaP-Scr)  cells 
(Figure  11).  We  next  examined  the 
expression  of  markers  specifically 
associated  with  epithelial  (E-cadherin  and 
cytokeratin-18)  and  mesenchymal  (N- 
cadherin,  Vimentin,  Twist  and  Slug) 
phenotypes  of  a  cell  by  immunoblot  and 
real-time  qRT-PCR  assays  at  protein  and 
transcriptional  levels,  respectively.  Our 
data  show  an  increased  expression  of 
epithelial  and  decreased  expression  of 
mesenchymal  markers  at  protein  as  well 
as  transcriptional  level  (Figure  12A  and  B, 
respectively)  in  PPP2CA-overexpressing 
C4-2  and  PC3  cells  as  compared  to 
respective  controls  and  vice  versa 
observed  upon  silencing  of  PPP2CA  in 
LNCaP  cells  (Figure  12A  and  B). 


In  next  set  of  experiments,  we  examined  the  role  of  PP2A  downregulation  on  the  tumorigenesis 
and  metastatic  property  of  prostate  cancer  (PC3)  cells  in  an  orthotopic  mouse  model  of  prostate 
cancer.  For  this,  PPP2CA  overexpressing  (PC3-PPP2CA)  or  control  (PC3-Neo)  cells  were 
injected  into  the  dorsal  prostatic  lobe  of  immunodeficient  male  mice  (4  to  6-week  old).  Our  data 
demonstrated  100%  tumor  incidence  in  the  mice  of  both  the  groups,  however,  tumors  form  PC3- 
PPP2CA  group  are 
significantly  smaller 
as  compared  to  mice 
group  injected  with 
the  control  (PC3- 
Neo)  cells  (Figure  13 
A).  Average  volume 
and  weight  of  tumors 
in  PC3-PPP2CA 
group  were  317.1 
mm3  (range  from 
171.5  to  490.8  mm3) 
and  0.31  g  (range 
from  0.13  to  0.46  g), 
respectively,  as 
compared  to  1803.98 
mm3  (range  from 
1369.9  to  2254.0 
mm3)  and  1.56  g; 
range  from  1.1  to 

2.11  g  in  PC3-Neo  group  (Figure  13  B  and  C).  Next,  we  per-formed  immunohistochemistry 
(IHC)  analysis  on  paraffin-embedded  tissue  sections  to  examine  PP2Aca  expression  and 
proliferative  and  apoptotic  markers.  Our  IHC  data  show  intense  PP2Ac  staining  in  tissue  section 
of  PC3-PPP2CA  group,  while  very  low  staining  is  observed  in  control  group  (Figure  14). 
Moreover,  our  data  show  that  the  average  number  of  proliferating  cells  i.e.  Ki67  positive-cells 
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Fig.  12:  Loss  of  PPP2CA 
favors  epithelial  to 

mesenchymal  transition  in 
prostate  cancer  cells. 

Expression  of  various  epithelial 
(E-cadherin  and  cytokeratin-18) 
and  mesenchymal  (N-cadherin, 
Vimentin,  Slug  and  Twist) 
markers  at  (A)  protein  and  (B) 
transcript  level  was  examined  by 
immunoblot  and  real-time  qRT- 
PCR  assay,  respectively.  Data 
presented  as  fold  change  in 
expression  in  PPP2CA- 

overexpressing  (C4-2-  and  PC3 
-PPP2CA)  and  silenced 

(LNCaP-shMyb)  cells  as 
compared  with  their  respective 
controls.  Bars  represents  mean 
±S.D,  (n=3).  Data  show  that 
downregulation  of  PPP2CA  was 
associated  with  loss  of  epithelial 
and  gain  of  mesenchymal 
markers,  indicating  its  role  in 
EMT. 
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Fig.  11:  Effect  of  PPP2CA 
on  actin  organization  in 
PC  cells:  PPP2CA- 

overexpressing  or  -silenced 
prostate  cancer  cells  were 
grown  on  fluorodish,  fixed 
and  stained  with  Alexa 
Fluor  488-conjugated 
phalloidin.  Thereafter,  effect 
of  the  modulation  of  PP2A 
activity  on  actin 
organization  was  analyzed 
and  photographed  using 
confocal  microscope.  Data 
show  that  low  PPP2CA- 
expressing  (C4-2  and  PC3  - 
Neo  and  LNCaP- 

shPPP2CA)  cells  exhibited 
several  filopodial  and 
lamellipodia-like  projections 
(white  arrows)  as  compared 
with  PPP2CA- 

overexpressing  (PC3  and 
C4-2  -PPP2CA  and 

LNCaP-Scrl  cells. 
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were  decreased  (>40%)  in  tumors  generated  from  PC3-PPP2CA  cells  as  compared  with  tumors 
of  PC3-Neo 
cells  (Figure 
14  B).  For  the 
apoptosis 
index  analysis, 

TUNEL  assay 
was 

performed. 

T  umors  from 
PC3-PPP2CA 
cells  had 
significantly 

more  TUNEL-positive  cells  (>  50%)  as  compared  with  control  tumors  (Figure  14C). 
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Fig.  13:  PPP2CA  overexpression 
decreases  tumorigenicity  of 
prostate  cancer  cells.  PC3  cells 
(PPP2CA-overexpressing  and 

control)  were  injected  in  mouse 
prostate  and  their  growth  in  vivo  was 
monitored.  (A)  Mouse  carrying  tumors 
generated  from  control  (PC3-Neo)  or 
PPP2C/A-overexpressing  PC3  cells 
(upper  panel)  and  representative 
excised  tumors  (lower  panel).  (B) 
Average  volume  and  (C)  weight  of  the 
tumors  from  control  and  PP2A 
overexpressing  group.  Data  is 
□resented  as  mean±SD  (n=7). 


To  analyze  the  effects  of 
PPP2CA  downregulation 
on  prostate  cancer 
metastasis,  distinct  organs 
(liver,  lungs,  lumber  lymph 
nodes  and  bone)  from  both 
the  groups  were  collected 
and  fixed  in  Bouin's 
solution.  Thereafter,  visible 
metastatic  nodules  were 
quantified.  Data 

demonstrate  high 

metastases  in  lungs  and 
livers  (evident  by  the 
presence  of  multiple  large 
metastatic  nodules)  and  in 
lymph  nodes  (evident  by 
large  and  indurate  lymph 
nodes),  in  case  of  PC3-Neo 
mice,  whereas  no 
metastasis  was  observed  in 
PC3-PPP2CA  group 

(Figure  15).  Metastasis  in 
distinct  organs  was  further 
confirmed  by  the  presence 
of  tumor-cell  nests  in  the 
specific  tissue  sections 
(Figure  16).  Altogether,  our 
data  provide  strong 
evidence  of  role  of  PP2A 
downregulation  in  the 
progression  and  metastasis 
of  prostate  cancer. 
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Fig.  14:  PPP2CA  overexpression  is  associated  with  decreased  proliferation  and 
induction  of  apoptosis  in  prostate  cancer  cells:  (A)  Immunohistological  analysis  of 
paraffin  embedded  prostate  tumors  for  PP2Aca  expression  (left  panel),  Ki67 
expression  (a  proliferative  marker;  middle  panel)  and  Tunnel  assay  (right  panel).  (B) 
Number  of  proliferating  and  (C)  apoptotic  cells  were  counted  in  10  random  view  fields 
(magnification  200x)  in  a  double-blinded  manner  and  expressed  as  mean  ±  SD  (n=3), 
per  field  view.  *,  p  <  0.01,  significantly  different  from  control  group. 
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Fig.  15:  Enforced 

PPP2CA  expression 
decreases  incidence  of 
metastasis.  Liver  (upper), 
lungs  (middle)  and  lumber 
lymph  nodes  (lower)  from 
mice  were  excised  out 
and  fixed  in  Bouin's 
solution  and  number  of 
metastatic  colonies  were 
counted  (in  case  of  liver 
and  lungs)  and  total  mass 
of  all  the  lumber  lymph 
nodes  was  taken.  Data 
presented  as  number  of 
metastatic  colonies  per 
mouse  in  case  of  liver  and 
lungs  and,  total  weight  of 
the  lumber  lymph  nodes 
per  mouse.  Dark  line 
indicates  the  median 
value  of  the  group. 


Task  3:  To  investigate  the  effect  of  PP2A  on  androgen  receptor  (AR)-dependent  and  - 
independent  signaling  pathways. 
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PP2A  impacts  multiple  cell  signaling 
pathways  by  causing  dephosphorylation  of 
the  signaling  proteins  (5).  Akt  and  ERK  are 
among  the  most  significant  signaling  proteins 
that  are  regulated  by  PP2A  and  have  also 
been  shown  to  be  involved  in  androgen- 
independent  growth  of  human  prostate 
cancer  cells  (13-15).  To  determine  if  the 
sustained  growth  of  PCa  cells  under  steroid- 
depleted  condition  was  due  to  the  activation 
of  Akt  and  ERK,  we  monitored  the  change  in 
their  phosphorylation  upon  PP2A  inhibition. 

Our  immunoblot  data  with  total  and  phospho- 
form-specific  antibodies  (Figure  17)  showed 
an  increased  phosphorylation  of  both  Akt 
and  ERK.  Similarly,  silencing  of  PPP2CA 
also  resulted  in  an  increased  Akt  and  ERK 
phosphorylation.  Furthermore,  we  observed 
that  PP2A  inhibition  induced  the  phosphorylation  of 
BAD  protein,  which  causes  the  loss  of  its  pro-apoptotic 
effect.  Similarly,  we  examined  the  activation  of  ERK 
and  Akt  in  our  stable  transfectants.  As  expected,  our 
data  showed  a  decreased  phosphorylation  of  Akt  and 
ERK  in  PPP2C/A-overexpressing  C4-2  and  PC-3  cells 
as  compared  to  their  respective  controls  or  vice  versa 
in  PPP2CA  silenced  LNCaP  cells  (Figure  18). 

Androgen  receptor  (AR)  plays  important  roles  in  both 
androgen-dependent  and  -independent  growth  of 
prostate  cancer  cells  (1).  It  has  been  established  that 
AR  can  maintain  its  transcriptional  activity  even  under 
androgen-deprived  condition  through  ligand- 
independent  activation  (15).  Notably,  it  has  been 
shown  earlier  that  both  Akt  and  ERK  can  induce 
phosphorylation  of  AR  at  serine  residues  leading  to  its 
activation  (15;  16).  Therefore,  we 
examined  the  effect  of  PP2A  inhibition 
on  the  phosphorylation  of  AR  in  LNCaP 
cells  under  steroid-depleted  condition 
(Figure  19A).  We  observed  that  the 
inhibition  of  PP2A  either  by  fostriecin  or 
siRNA  led  to  an  increased 
phosphorylation  of  AR  at  serine-81 
residue,  while  no  change  was  detected 
at  the  serine-213.  In  contrast, 
stimulation  with  DHT  induced 
phosphorylation  at  both  the  serines  (81 
and  213).  Our  immunoblot  data  also 
demonstrated  an  induced  expression  of 
AR  and  its  target  gene,  PSA/KLK3  upon  treatment  with  DHT  or  PP2A  inhibition  (Figure  19A).  To 
substantiate  the  activation  of  AR  pathway,  we  conducted  promoter-reporter  assay  to  measure 
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Fig.  18:  PP2A  decreases  phosphorylation  of  Akt  and  ERK.  Total 
protein  was  isolated  and  effect  of  PP2A  modulation  on  Akt  and  ERK 
activation  was  examined  by  immunoblot  assay,  p-actin  was  used  as 
internal  control. 


Fig.  17:  Effect  of  PP2A  inhibition  on  Akt  and 
ERK  signaling  pathways  and  subsequent 
inactivating  phosphorylation  of  BAD.  FBS: 
fetal  bovine  serum  (steroid)-containing  media, 
CSS:  charcoal-stripped  serum  (steroid-deprived) 
containing  media,  DHT:  dihydro-testerone,  Fos: 
fostriecin,  Scr:  scrambled  sequence. 


Fig.  16:  Histological 
examination  of 
metastatic  tumor 
cells  in  different 
organs.  H&E 

staining  of  liver, 
lungs,  lymph  nodes 
and  bone  section 
from  control  and 
PPP2CA  overexp¬ 
ressing  group.  Mice 
group  injected  with 
PC3-Neo  cells  show 
metastatic  deposits 
of  cancer  cells  in 
liver,  lungs  and 
lymph  nodes,  while 
PPP2CA- 
overexpressing 
group  had  no  gross 
evidence  of  deposits 
of  cancer  cells.  T= 
tumor;  N=  normal. 
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the  transcription  activity  of  an  AR-responsive  promoter.  LNCaP  cells  were  transfected  with 
promoter-reporter  and  control  plasmids  (negative  and  positive),  and  24  h  post-transfection, 
treated  with  either  DHT  or  fostriecin  under  steroid-depleted  condition  for  next  24  h.  In  parallel, 
cells  were  also  co-transfected  with  scrambled  or  PPP2CA- specific  siRNAs  for  48  h. 
Transcriptional  activity  of  AR  is  presented  as  the  relative  luciferase  units  (RLUs),  which  is  the 
ratio  between  firefly  (for  AR  activity)  and  renilla  (transfection  efficiency  control)  luciferase  activity 
(Figure  19B).  Our  data  show  a  limited  induction  of  AR  activity  in  LNCaP  cells  treated  with 
fostriecin  (1.57  fold)  or  silenced  for 
PPP2CA  expression  (1 .64  fold)  under 
steroid-depleted  condition  as 
compared  to  the  cells  grown  in  normal 
FBS  (2.02  fold)  or  cells  treated  with 
DHT  (2.2  fold).  Altogether,  our 
findings  suggest  that  the  inhibition  of 
PP2A  partially  sustains  AR  activity  by 
inducing  AR  expression  and  ligand- 
independent  phosphorylation  (Figure 
19B). 

Having  evaluated  the  impact  of  PP2A 
inhibition  on  Akt,  ERK  and  AR 
signaling  pathways,  we  next 
evaluated  the  cross-talk  of  these 
signaling  nodes  and  their  involvement 
in  androgen-independent  growth  of 
LNCaP  cells.  To  examine  this,  we  used  pharmacological  inhibitors  of  Akt  (LY294002)  and  ERK 
(PD98059)  and  anti-androgen  (Casodex)  to  obstruct  their  activation  prior  to  PP2A  inhibition 
under  steroid-deprived  condition  (data  not  shown,  see  appendix).  Evaluation  of  LNCaP  cell 
growth  upon  repression  of  Akt,  ERK  and  AR  prior  to  PP2A  inhibition  suggested  a  major  role  of 
Akt  and  ERK  signaling  pathways  in  supporting  the  androgen-independent  growth  of  LNCaP 
cells.  Nonetheless,  downregulation  of  AR  also  had  a  significant  negative  impact  on  the 
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Fig.  19:  Effect  of 
PPP2CA  on  androgen 
receptor  signaling.  A. 

PP2A  inhibition  in 
LNCaP  cells  leads  to 
enhanced  AR 

phosphorylation  (at 
Serine-81)  and 

overexpression  of  AR 
and  PSA.  B.  AR 
activity  is  partially 
sustained  in  PP2A 
inhibited  LNCaP  cells. 
FBS:  fetal  bovine 

serum  (steroid)- 

containing  media, 
CSS:  charcoal-stripped 
serum  (steroid- 

deprived)  containing 
media,  DHT:  dihydro- 
testerone,  Fos: 

fostriecin,  Scr: 

scrambled  sequence. 
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fostriecin-induced 
growth  of  LNCaP  cells 
under  androgen- 

deprived  condition. 

These  findings  suggest 
that  the  inhibition  of 
PP2A  leads  to  the 
activation  of  Akt  and 
ERK,  which  supports 
androgen-independent 
growth  of  LNCaP  cells  in 
AR-dependent  (through 
partial  activation)  and  - 
independent  manners  (data  not  shown,  see  appendix).  Our  signaling  data  also  demonstrated 
that  ceramide  treatment  decreased  the  phosphorylation  of  Akt  and  ERK,  which  could  be 
reversed  by  pre-treatment  with  fostriecin  (data  not  shown,  see  appendix).  It  was  also  observed 
that  the  expression  of  cyclins  (D1  and  A1),  AR,  pS81-AR  and  PSA  was  downregulated, 
whereas,  the  expression  of  p27  was  upregulated  upon  treatment  of  C4-2  cells  with  ceramide 
(see  appendix).  Downregulation  of  PP2A  with  fostriecin  abrogated  ceramide-induced  effect  on 
cyclin  A1 ,  D1 ,  p27,  AR  and  PSA  (see  appendix). 


Fig.  20:  PPP2CA  downregulation  enhances  activity  of  p-catenin  and  NF-kB.  Cells 
were  grown  in  six  well  plate  and  transiently  cotransfected  with  the  luciferase  promoter- 
reporter  constructs  (TOPflash  or  FOPflash,  or  pGL4.32[luc2P/NF-kB-RE/Hygro])  and  pRL- 
TK  construct  (transfection  efficiency  control)  for  24h.  Thereafter,  total  protein  was  collected 
in  passive  lysis  buffer  and  firefly  and  Renilla  luciferase  activities  were  measured  using  a 
dual-luciferase  assay  system.  Data  presented  as  fold  change  in  normalized  luciferase 
activity.  Bars  represent  mean  ±  S.D.  (n=3);  *,  p  <  0.05. 
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Fig.  21:  PPP2CA  downregulation 
enhances  nuclear  accumulation 
of  of  (3-catenin  and  NF-kB.  (A) 

Immunoblot  analysis  of  p-catenin 
and  NF-kB  in  different  cellular 
compartment.  p-actin,  a-tubulin 
and  laminin  were  used  as  loading 
controls  for  total,  cytoplasmic  and 
nuclear  protein,  respectively.  (C) 
Immuno-fluorescence  analysis  of 
(B-catenin  and  NF-kB  in  PPP2CA- 
overexpressing  (PC3-PPP2CA 
and  LNCaP-Scr)  and  PPP2CA- 
silenced  (PC3-Neo  and  LNCaP- 
shPPP2CA)  prostate  cancer  cells. 
Data  show  that  PPP2CA-silenced 
cells  exhibit  higher  levels  of  both 
(B-catenin  and  NF-kB  in  nucleus  as 
compared  to  PPP2CA- 
overexpressing  cells. 
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To  explore 

mechanistic  basis 
of  altered 

expression  of 
EMT  markers,  we 
focused  on  (3- 
catenin  and  NF- 
kB,  which  have 
earlier  been 
shown  to  be 
aberrantly 
activated  in  PCa 
and  implicated  in 
transcriptional 
regulation  of  EMT 
markers  (17-19). 

Our  data  from 
luciferase-based  promoter 
reporter  assays  show 
increased  transcriptional 
activities  of  both  TCF/LEF/p- 
catenin  and  NF-kB  responsive 
promoters  (>60  %)  in  PCa 
cells  having  low  PPP2CA 
expression  (PC3-Neo  and 
LNCaP-shPPP2CA)  as 

compared  to  high  PPP2CA 
expressing  cells  (PC3- 
PPP2CA  and  LNCaP-Scr) 

(Figure  20).  In  accordance  to 
these  findings,  our  immunoblot 
analysis  revealed  enhanced 
nuclear  accumulation  of  (3- 
catenin  as  well  as  NF-kB  that 
correlated  with  their  decreased 
cytoplasmic  level  in  PPP2CA- 
silenced  (PC3-Neo  and 
LNCaP-shPPP2CA)  cells  in 
contrast  to  their  respective 
PPP2CA-overexpressing  sub 
lines  (PC3-PPP2CA  and 
LNCaP-Scr)  (Figure  21A).  To 
further  confirm  these  findings 
and  to  visualize  the  precise 
sub  cellular  localization  of  (3- 
catenin  and  NF-kB,  we 
performed 

immunofluorescence  assay. 

Similar  to  immunoblot  data,  our 
immunofluorescence  data  also 
revealed  the  association  of  PPP2CA  downregulation  with  increased  p-catenin  and  NF-kB 
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Fig.  22:  Suppression  of  p-catenin  and  NF-kB  is  responsible  for  PPP2CA- 
mediated  reversal  of  EMT  and  reduced  aggressiveness.  (A)  Cells  were  grown 
in  six  well  plate  and  transiently  transfected  with  constitutively  active  p-catenin 
(pcDNA-S33Y)  and  IKKp  (pCMV-IKKp-SSEE)  mutants  (to  activate  p-catenin  and 
NF-kB,  respectively).  24  h  post-transfection,  cells  were  again  transfected  with 
TOPflash-/  FOPflash-  and  NF-kB  -luciferase  promoter-reporter  constructs  to 
examine  LEF/  TCF  and  NF-kB  activity  as  described  previously.  Bars  represent 
mean  ±  S.D.  (n=3);  *,  p  <  0.05.  (B)  Cells  were  transfected  with  constitutive  active 
p-catenin  and  IKKp  mutants  or  their  respective  control  plasmids.  Thereafter, 
nuclear  (Nuc)  and  total  protein  lysates  were  prepared  after  24  h  and  48  h  of 
transfection  and  expression  level  of  p-catenin  and  NF-kB  (after  24  h  in  nuclear 
lysate)  and  E-cadherin  and  Twist  (after  48  h  in  total  lysate)  were  examined  by 
immunoblot  analysis.  Laminin  (for  nuclear  fraction)  and  p-actin  (for  total  protein) 
were  used  as  loading  controls.  (C)  Cells  were  transiently  transfected  with 
constitutive  active  p-catenin  and  IKKp  mutants.  After  48  h  of  transfection  cells 
were  trypsinized,  counted  and  equal  number  of  cells  were  seeded  in  a  transwell 
chambers  and  number  of  migrated/invaded  cells  were  examined  as  described 
nraviouslv.  Bars  ranrasant  moan  +  S  D  fn=3V  *.  n  <  0_05. 
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localization  in  PCa  cells  (Figure  21 B).  Next,  to  confirm  the  role  of  (3-catenin  and  NF-kB  in  PP2A 
downregulation-induced  EMT.  PC-3-PPP2CA  cells  (with  decreased  (3-catenin  and  NF-kB 
activity)  were  transfected  with  constitutive  active  (3-catenin  and  IKK(3  mutants  (to  activate  (3- 
catenin  and  NF-kB,  respectively).  Thereafter,  effect  on  transcriptional  activity  of  TCF/LEF/p- 
catenin  and  NF-kB  responsive  promoters,  EMT  markers  and  aggressive  behavior  of  PCa  cells 
was  examined.  Our  data  show  that 
transfection  of  active  p-catenin  and 
IKKp  mutants  specifically  block  the 
inhibitory  effect  of  PPP2CA  on  (3- 
catenin  and  NF-kB,  respectively, 
which  was  depicted  by  increased 
transcriptional  activities  of  their 
respective  responsive  promoters 
(Figure  22A)  and  enhanced  their 
nuclear  accumulation  in  PC3- 
PPP2CA  cells  (Figure  22B,  upper 
panel).  Furthermore,  we  observed 
that  activation  of  either  p-catenin  or 
NF-kB  alone,  in  part,  led  to  regain  of 
mesenchymal  markers  (Figure  22B, 
lower  panel)  and  increased  migration 
and  invasive  potential  (Figure  22C), 
whereas  their  combined  activation 
have  more  potent  effect.  Together, 
these  findings  indicate  that  both  the 
P-catenin  and  NF-kB  are 
cooperatively  involved  in  PPP2CA- 
mediated  inhibition  of  malignant 
properties  in  PCa  cells. 

As  we  observed  that  PPP2CA  inhibits 
malignant  properties  of  PCa  via 
inactivation  of  p-catenin  or  NF-kB.  In 
addition  negative  regulation  of  Akt,  an 
upstream  regulator  of  both  p-catenin 
and  NF-kB  pathway;  by  PPP2CA  in 
PCa  cells  was  also  observed.  Next, 
we  investigated  whether  PPP2CA- 
mediated  Akt  inhibition  has  any  role 
in  the  suppression  of  p-catenin  and  NF-kB.  For  this,  we  activated  Akt  in  PC3-PPP2CA  cells 
(exhibiting  decreased  activated  Akt)  and  inhibited  its  activation  in  LNCaP-shPPP2CA  cells 
(having  enhanced  activated  Akt).  Thereafter,  transcriptional  activity  of  TCF/LEF/p-catenin  and 
NF-kB  was  examined.  Our  data  show  that  inhibitory  effect  of  PPP2CA  overexpression  on 
transcriptional  activity  of  TCF/LEF/p-catenin  and  NF-kB  was  diminished  after  re-activation  of  Akt 
in  PC3-PPP2CA  cells  (Figure  23A).  Whereas,  vice  versa  was  observed  in  LNCaP-shPPP2CA 
cells  upon  Akt  inhibition  (Figure  23A).  In  accordance  to  this,  our  immunoblot  data  show  an 
enhanced  nuclear  localization  of  both  p-catenin  and  NF-kB  in  PC3-PPP2CA  cells  upon  Akt 
activation  and  opposite  was  observed  upon  Akt  inhibition  in  LNCaP-shPPP2CA  cells  (Figure 
23B;  upper  panel).  Altogether,  our  findings  clearly  suggest  that  Akt  is  the  key  intermediate 
signaling  molecule  which  is  involved  in  the  PPP2CA-mediated  decreased  activation  of  P-catenin 
and  NF-kB  in  PCa  cells.  To  delineate  the  mechanism(s)  involved  in  the  Akt-mediated  regulation 
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Figure  23:  Role  of  Akt  in  PPP2CA  overexpression-mediated 
suppression  of  p-catenin  and  NF-kB.  (A)  PC3-PPP2CA  cells  were 
transiently  transfected  with  constitutively  active  PKB  mutant  (to  activate 
Akt)  or  control  plasmid  for  24  h,  and  LNCaP-shPPP2CA  cells  were 
treated  with  PI3K/Akt  inhibitor  (LY294002;  to  inhibit  Akt)  for  1  h.  After 
respective  transfection  or  treatment,  cells  were  co-transfected  with 
TOPflash/  FOPflash/  NF-kB  luciferase  promoter-reporter  constructs 
along  with  control  plasmids  for  24  h  and  luciferase  activities  were 
measured  as  described  previously.  Bars  represents  mean  ±  SD  (n=3),  * 
p  <  0.05.  (B)  PC3-PPP2CA  cells  were  transiently  transfected  with 
constitutively  active  PKB  mutant  or  control  plasmid  for  24  h,  and 
LNCaP-shPPP2CA  cells  were  treated  with  PI3K/Akt  inhibitor  for  12  h. 
Thereafter,  nuclear  and  total  proteins  were  prepared  and  effect  on 
localization  of  p-catenin  and  NF-kB  (in  nuclear  protein;  upper  panel)  and 
on  p-Gsk3-p/Gsk3-p  and  p-kB-a/kB-a  (in  total  protein;  lower  panel) 
was  examined  by  immunoblot  analysis.  Laminin  (for  nuclear  protein) 
and  B-actin  ('for  total  oroteinl  were  used  as  loadina  controls. 
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of  p-catenin  and  NF-kB  in  PCa  cells,  we  analyzed  effect  on  their  biological  inhibitors  i.e.  Gsk3-(3 
and  IkB-o,  respectively.  We  observed  that  PPP2CA  expression  is  inversely  associated  with 
phosphorylated/inactive  Gsk3-(3  in  PCa  cells  (Figure  23B;  lower  panel).  Furthermore,  we  also 
observed  that  PPP2CA  overexpression  led  to  a  drastic  increase  in  IkB-o  level,  which  was 
associated  with  a  concomitant  decrease  in  its  phosphorylation,  thus  indicating  the  stabilization 
of  IkB-o  after  PPP2CA  overexpression  (Figure  23B;  lower  panel).  Moreover,  our  data  show  that 
effects  of  PPP2CA  alteration  on  Gsk3-(3  and  IkB-o  were  reversed  upon  activation  (by  PKB- 
mutant;  in  PC3-PPP2CA)  and  inhibition  (by  LY294002;  in  LNCaP-shPPP2CA)  of  Akt  (Figure 
23B;  lower  panel).  Together,  our  data  clearly  suggest  the  role  of  PP2A/Akt  axis  regulates 
nuclear  accumulation  of  p-catenin  and  NF-kB  through  Gsk3-(3  and  IkB-o,  respectively. 


Task  4:  To  examine  the  expression,  localization  and/or  activation  profiles  of  PP2Ac,  AR,  Akt 
and  ERK  in  human  prostate  cancer. 


To  determine  the  clinical  significance  of  our 
experimental  findings,  we  proposed  to 
examine  the  expression  and  localization  of 
PP2Ac  and  its  targets  such  as  Akt,  Erkl/2 
and  AR  in  clinical  specimens  of  normal, 
primary  and  metastatic  PCa  by 
immunohistochemical  (IHC)  analysis.  We 
have  standardized  IHC  protocol  for  PP2ACa 
and  examined  its  expression  in  clinical 
samples  using  PCa  tissue  microarray 
[containing  cancerous  tissues  (n=32)  along 
with  corresponding  normal  (n=32)  tissues]. 
Our  analysis  showed  an  overall 
downregulation  of  PP2ACa  in  cancer  tissues 
as  compared  to  the  normal/benign  tumor 
tissues  (Figure  24). 


KEY  RESEARCH  ACCOMPLISHMENTS: 


•  We  have  established  C4-2  and  PC3  sublines  exhibiting  stable  PPP2CA  overexpression 
and  enhanced  PP2A  activity  and  LNCaP  sublines  exhibiting  stable  PPP2CA 
downregulation  and  decreased  PP2A  activity. 

•  We  have  obtained  experimental  evidence  (in  vitro)  for  the  role  of  PP2A  downregulation 
in  growth,  androgen  depletion-resistance  and  aggressive  behavior  of  prostate  cancer 
cells. 

•  We  have  developed  mechanistic  insight  into  the  PP2A-mediated  growth  effects  in 
prostate  cancer  cells.  Our  data  indicate  that  PP2A  downregulation  facilitates  androgen- 
independent  growth  of  prostate  cancer  cells  in  both  androgen  receptor  (AR)-  dependent 
and  -independent  manners  in  AR  expressing  (LNCaP  and  C4-2)  cells. 

•  We  have  delineated  the  mechanism  involved  in  the  PPP2CA  downregulation-mediated 
epithelial-mesenchymal  transition  (EMT),  migration  and  invasion  of  PCa  cells.  Our  data 
show  that  PPP2CA  downregulation  favors  EMT,  migration  and  invasion  of  PCa  cells 
through  Akt-dependent  activation  of  p-catenin  and  NF-kB  pathway. 

•  We  have  also  developed  in  vivo  experimental  support  for  a  suppressor  role  of  PP2A  in 
prostate  cancer  progression  using  orthotopic  mouse  model. 
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REPORTABLE  OUTCOMES  (during  this  funding  period) 


2011: 

•  We  presented  a  poster  entitled  “Down regulation  of  Protein  phosphatase  2A  enables 
androgen-dependent  prostate  cancer  cells  to  grow  under  steroid-depleted  condition:  role 
of  ERK,  Akt  and  androgen-receptor  signaling  pathways”  by  Singh  AP,  Bhardwaj  A,  Singh 
S,  and  Srivastava  SK.  in  “Innovative  Minds  in  Prostate  Cancer  today  (IMPaCT)  meeting”, 
Orlando,  Florida,  March  9th-12th  (2011). 

•  We  presented  a  poster  entitled  “Inhibition  of  protein  phosphatase  2A  supports  androgen- 
independent  growth  of  prostate  cancer  cells”  by  Bhardwaj  A,  Singh  S,  Srivastava  SK, 
Honkanen  RE,  and  Singh  AP  in  “American  Association  for  Cancer  Research  (AACR) 
102nd  Annual  Meeting”,  Orlando,  Florida,  April  2nd-6th  (2011). 

•  We  published  a  manuscript  “Modulation  of  protein  phosphatase  2A  (PP2A)  activity  alters 
androgen-independent  growth  of  prostate  cancer  cells:  therapeutic  implications”  by 
Bhardwaj  A,  Singh  S,  Srivastava  SK,  Honkanen  RE,  Reed  E,  and  Singh  AP,  in  Mol 
Cancer  Ther  10(5):720-731,  (2011).  (featured  in  highlights  of  the  issue,  p709). 

2012: 

•  We  presented  a  poster  entitled  “Protein  phosphatase  2A  (PP2A)  downregulation  is 
associated  with  aggressive  and  castration-resistant  phenotypes  in  prostate  cancer”  by 
Bhardwaj  A,  Srivastava  SK,  Singh  S,  Arora  A,  Honkanen  RE,  Grizzle  WE,  Reed  E  and 
Singh  AP,  in  103rd  Annual  Meeting  of  American  Association  for  Cancer  Research 
(AACR),  held  at  Chicago,  Illinois,  March  31st-April  4th  (2012). 

•  We  presented  a  poster  entitled  “PP2A  downregulation  induces  epithelial  to 
mesenchymal  transition,  and  promotes  prostate  cancer  progression  and  metastasis”  by 
Bhardwaj  A,  Singh  S,  Srivastava  SK,  Arora  A,  Hyde  SJ,  Grizzle  WE,  and  Singh  AP,  in 
2012  SBUR  (Society  For  Basic  Urologic  Research)  Fall  Symposium  held  at  Miami,  FL 
November  15  -  18,  2012.  (Post-Doctoral  Fellow  received  “Travel  Award”  to  attend 
the  Fall  Symposium  of  SBUR). 

2013: 

•  We  presented  a  poster  entitled  “Downregulation  of  protein  phosphatase  2A  promotes 
prostate  cancer  progression  and  metastasis”  by  Bhardwaj  A,  Singh  S,  Srivastava  SK, 
Arora  A,  Hyde  SJ,  Honkanen  RE,  Grizzle  WE,  and  Singh  AP,  in  104th  Annual  Meeting  of 
American  Association  for  Cancer  Research  (AACR),  held  at  Washington,  DC,  April  6th  - 
April  10th  (2013).  (Manuscript  near  submission). 


CONCLUSION 

Downregulation  of  PP2A  is  associated  with  progression  and  metastasis  of  human  prostate 
cancer.  Thus,  restoration  of  PP2A  activity  could  serve  as  an  effective  preventive  and  /or 
therapeutic  approach  against  the  advanced  disease. 
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ONGOING  WORK: 


1)  Finalizing  the  manuscript  for  submission. 

2)  Conducting  in  situ  expression  analysis  of  pAkt,  Akt,  p-ERK,  ERK,  p-AR  and  AR  in 
prostate  cancer  tissues  through  immunohistochemical  (IHC)  assay. 

3)  Pathological  examination  of  the  stained  sections  for  assessment  of  staining  intensity  and 
incidence  (extent  of  tissue  stained). 

4)  Statistical  analysis  of  the  data  obtained  from  IHC  study  for  the  comparison  of  expression 
of  different  proteins  in  paired  tissue  samples  (benign  and  malignant  tissue)  and  their 
correlation  with  different  TNM  stages  (l-IV)  and  Gleason  grades  of  prostate  cancer. 

5)  Writing  another  manuscript  for  publication  of  IHC  data. 


15 


REFERENCES: 

(1)  Feldman  BJ,  Feldman  D.  The  development  of  androgen-independent  prostate  cancer. 
Nat  Rev  Cancer  2001  ;1 :34-45. 

(2)  Singh  AP,  Bafna  S,  Chaudhary  K,  et  al.  Genome-wide  expression  profiling  reveals 
transcriptomic  variation  and  perturbed  gene  networks  in  androgen-dependent  and 
androgen-independent  prostate  cancer  cells.  Cancer  Lett  2008;259:28-38. 

(3)  Prowatke  I,  Devens  F,  Benner  A,  et  al.  Expression  analysis  of  imbalanced  genes  in 
prostate  carcinoma  using  tissue  microarrays.  Br  J  Cancer  2007;96:82-8. 

(4)  Khew-Goodall  Y,  Hemmings  BA.  Tissue-specific  expression  of  mRNAs  encoding  alpha- 
and  beta-catalytic  subunits  of  protein  phosphatase  2A.  FEBS  Lett  1988;238:265-8. 

(5)  Janssens  V,  Goris  J.  Protein  phosphatase  2A:  a  highly  regulated  family  of 
serine/threonine  phosphatases  implicated  in  cell  growth  and  signalling.  Biochem  J 
2001;353:417-39. 

(6)  Eto  M,  Bennouna  J,  Hunter  OC,  et  al.  Cl 6  ceramide  accumulates  following  androgen 
ablation  in  LNCaP  prostate  cancer  cells.  Prostate  2003;57:66-79. 

(7)  Kazi  A,  Smith  DM,  Zhong  Q,  Dou  QP.  Inhibition  of  bcl-x(l)  phosphorylation  by  tea 
polyphenols  or  epigallocatechin-3-gallate  is  associated  with  prostate  cancer  cell 
apoptosis.  Mol  Pharmacol  2002;62:765-71. 

(8)  Law  B,  Rossie  S.  The  dimeric  and  catalytic  subunit  forms  of  protein  phosphatase  2A 
from  rat  brain  are  stimulated  by  C2-ceramide.  J  Biol  Chem  1995;270:12808-13. 

(9)  Ruvolo  PP,  Deng  X,  Ito  T,  Carr  BK,  May  WS.  Ceramide  induces  Bcl2  dephosphorylation 
via  a  mechanism  involving  mitochondrial  PP2A.  J  Biol  Chem  1999;274:20296-300. 

(10)  Jennbacken  K,  Gustavsson  H,  Welen  K,  Vallbo  C,  Damber  JE.  Prostate  cancer 
progression  into  androgen  independency  is  associated  with  alterations  in  cell  adhesion 
and  invasivity.  Prostate  2006;66:1631-40. 

(11)  Singh  A,  Settleman  J.  EMT,  cancer  stem  cells  and  drug  resistance:  an  emerging  axis  of 
evil  in  the  war  on  cancer.  Oncogene  201 0;29:4741  -51 . 

(12)  Shankar  J,  Messenberg  A,  Chan  J,  et  al.  Pseudopodial  actin  dynamics  control  epithelial- 
mesenchymal  transition  in  metastatic  cancer  cells.  Cancer  Res  2010;70:3780-90. 

(13)  Carson  JP,  Kulik  G,  Weber  MJ.  Antiapoptotic  signaling  in  LNCaP  prostate  cancer  cells:  a 
survival  signaling  pathway  independent  of  phosphatidylinositol  3'-kinase  and  Akt/protein 
kinase  B.  Cancer  Res  1999;59:1449-53. 

(14)  Grethe  S,  Porn-Ares  Ml.  p38  MAPK  regulates  phosphorylation  of  Bad  via  PP2A- 
dependent  suppression  of  the  MEK1/2-ERK1/2  survival  pathway  in  TNF-alpha  induced 
endothelial  apoptosis.  Cell  Signal  2006;18:531-40. 


16 


(15)  Murillo  H,  Huang  H,  Schmidt  LJ,  Smith  Dl,  Tindall  DJ.  Role  of  PI3K  signaling  in  survival 
and  progression  of  LNCaP  prostate  cancer  cells  to  the  androgen  refractory  state. 
Endocrinology  2001 ;  142:4795-805. 

(16)  Shigemura  K,  Isotani  S,  Wang  R,  et  al.  Soluble  factors  derived  from  stroma  activated 
androgen  receptor  phosphorylation  in  human  prostate  LNCaP  cells:  roles  of  ERK/MAP 
kinase.  Prostate  2009;69:949-55. 

(17)  Cansino  JR,  Vera  R,  Rodriguez  de  BF,  et  al.  [Prostate  specific  antigen  and  NF-kB  in 
prostatic  disease:  relation  with  malignancy],  Actas  Urol  Esp  2011;35:16-21. 

(18)  Jaggi  M,  Johansson  SL,  Baker  JJ,  et  al.  Aberrant  expression  of  E-cadherin  and  beta- 
catenin  in  human  prostate  cancer.  Urol  Oncol  2005;23:402-6. 

(19)  Jiang  YG,  Luo  Y,  He  DL,  et  al.  Role  of  Wnt/beta-catenin  signaling  pathway  in  epithelial- 
mesenchymal  transition  of  human  prostate  cancer  induced  by  hypoxia-inducible  factor- 
1  alpha.  Int  J  Urol  2007;14:1034-9. 


17 


APPENDICES: 


Display  Settings:  M  Abstract  Send  to:  H 

Mol  Cancer  "her.  2011  May;  1 0{5):720-31 .  doi:  1 0.1 1 5S/1 535-7163. MCT-1 0-1 096.  Epub  2011  Mar  10. 

Modulation  of  protein  phosphatase  2A  activity  alters  androgen-independent  growth  of  prostate  cancer  cells: 
therapeutic  implications. 

Bhardwai  A.  Singh  S.  Srivastava  SK.  Honkanen  RE.  Reed  E.  Singh  AP. 

Department  of  Oncologic  Sciences  Mitchell  Cancer  Institute,  University  of  South  Alabama  1 65  0  Spring  hill  Avenue,  Mobile,  AL  3S604,  USA. 

Abstract 

Earlier  we  identified  PPP2CA.  which  encodes  for  the  a-isoform  of  protein  phosphatase  2A  (PP2A)  catalytic  subunit,  as  one  of  the  down  regulated 
genes  in  androgen-independent  prostate  cancer.  PP2A  is  a  serine/threonine  phosphatase  and  a  potent  tumor  suppressor  involved  in  broad  cellular 
functions:  however,  its  role  in  prostate  cancer  has  not  yet  been  determined.  Here,  we  have  investigated  the  effect  of  PP2A  activity  modulation  on  the 
androgen-independent  growth  of  prostate  cancer  cells.  Our  data  show  that  the  PPP2CA  expression  and  PP2A  activity  is  downregulated  in  androgen- 
independent  (C4-2)  prostate  cancer  cells  as  compared  with  androgen-dependent  (LNCaP)  cells.  Downregulation  of  PP2A  activity  by  pharmacologic 
inhibition  or  short  interfering  RNA-mediated  PPP2CA  silencing  sustains  the  growth  of  LNCaP  cells  under  an  androgen-deprived  condition  by  relieving 
the  androgen  deprivation-induced  cell-cycle  arrest  and  preventing  apoptosis.  Immunoblot  analyses  reveal  enhanced  phosphorylation  of  Akt. 
extracellular  signal-regulated  kinase  (ERK).  BAD.  increased  expression  ofcyclins  (A1/D1).  and  decreased  expression  ofcyclin  inhibitor  {p27}  on 
PP2A  downregulation.  Furthermore,  our  data  show  that  androgen  receptor  (AR)  signaling  is  partially  maintained  in  P P2 A-i n h i bit ed  cells  through 
increased  AR  expression  and  ligand-independent  phosphorylation.  Pharmacologic  inhibition  of  Akt.  ERK.  and  AR  suggest  a  role  of  these  signaling 
pathways  in  facilitating  the  androgen-independent  growth  of  LNCaP  cells.  These  observations  are  supported  by  the  effect  ofceramide.  a  PP2A 
activator,  on  androgen-independent  C4-2  cells.  Ceramide  inhibited  the  growth  of  C4-2  cells  on  androgen  deprivation,  an  effect  that  could  be  abrogated 
by  PP2A  downregulation.  Altogether,  our  findings  suggest  that  modulation  of  PP2A  activity  may  represent  an  alternative  therapeutic  approach  for  the 
treatment  of  advanced  androgen-independent  prostate  cancer. 

PM  ID:  21 393425  [PubMed  -  indexed  for  MEDLINE]  PM  DID:  PMC3669395  Free  PMC  Article 
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Abstract  C&wzal  progress  on  cf  ^estate  cancer  (PCa)  a  eha-aets'-zed  by  a  t-an=  bon  androgen-dependent 
Body:  -AC:  to  aidrogsri-i^dstsicent  {All  stage.  Cnee  the  PCs  res  recurred  in  Al  form,  t  :rci  eeeee  to  s  "-g-iy 

aggress  vs  d  esses  s^d  foses  an  increased  rs  k  of  morbidity  and  death.  "Rierefore,  understand  he 
mezres1  sms  involved  m  Al  pjogresston  of  FCa  s  s  s-gnifieaint  area  of  research  =5r  er.  we  dsnbfted 
PPP2GA  .v^bn  encodes,  for  a  era-  seform  of  the*  tote  n  phosphatase  2A  zataSytb  subunit  {FPSAeu],  ee 
one  of  he  dawiwegiiiteted  genes  n  Al  FCa  ze  ■=.  =-2A  e  a  ser.  h-  pnospnatase  and  a  potent  tj-rcr 
e.zz  eeez-  jivcSved  n  bread  ze  u  sr  fiinctkans:  noweve'  ts  -cte  -  cCa  res  not  yet  zeen  zete:r--  re:. 
Here.  v/e  nave  rvesf -gated  tSie  effect  of  FP2A  dowrweguiatson  on  he  grawtn  of  AD  -Ca  _NCa  =  ce'is 
unde-  steTQSd-depnved  condition.  FiihfiejTnora.  '.ve  nave  examined  tre  effect  of  PP2A  rri  r  tic-n  cm  the 
e  gnafeig.  pathways  a^d  defceated  he  -  tote  >n  Al  giowtih  of  LNCaF  ce-  E.  Our  oata  siiow  hat  he 
down  reg  n'iston  of  pP'ZA  s  z  t  ■.  iy  by  onannacotegical  z  t  on  or  siRNA-^e-z  a  ted  FPP2QA  e  ienokg 

EuEts  ns  tne  gtovstn  of  AD  PCa  cels  j.r-zs-  an d tog sn -deprived  condifon  by  -e  ev  ^g  the  androg.en- 
def^vatxKMidijced  zeS!  cycte  arrest  and  preventsng  apoptosis  |.mnuncc  ct  analys  e  revested  entranced 
oncscnerylalkn  of  Ait.  ERA'.  BAD.  increased  ezrz-ess on  or'  oy-z^ns  {cych  At  a^z  oyefn  C';  a->-z 
Zez-eased  excresaon  cf  eye  n  in  rdc  z2~:  upon  PP2A  zo-.i^-eguat on  ^j-tne.-nio-e,  zu~  data  snov.  that 
PF2A  inni&twi  pasta  y  ^a.'-.la  -is  AR  sgrfng  fiirougn  ts  'rrzre-aEe-z  exz-ress.cn  and  gand-^dependent 
f hcsFlionylation ,  ..n  cn  s  a:sc  Suzzcrted  by  AR  trajiscr-ptona  act  v  ly  as=ayarz  ts  target  gene,  KLK3 
expression,  rharr’nazoog  za  n  n.'z-ton  of  Act.  ERK  a-d  AR  zcnRrmed  a  tote  of  these  =  g  naing  pathways 
in  fac  tating  the  Al  .gtowh  of  i_NCa=  ze  e.  A  t-zgetn-E-  zur  findings  suggest  hat  toodu  at'on  of  =i=2A 
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Abstract  3991:  Protein  phosphatase  2A  (PP2A) 
downregulation  is  associated  with  androgen- 
independent  and  aggressive  phenotypes  in  prostate 
cancer 

Arun  Ehardwaj ',  Sanjeev  K.  Srivastava1.  Seema  Singh1,  SumitArara1,  Richard 
E.  HonkanenJ,  William  E.  Grizzle3,  Eddie  Reed1,  and  Ajay  P.  Singh1 

1  Depatner*  o'  Oncdog  c  So  lencea  Mtche i  Cancer  rsttute  ^nteisiyofSo dr  AzbEna  AL 

^C^aftmErt  oTBIocfiartstiy  arri  IkH  Jtar  E*:*:«gy  Jnleisly  o'  Sour  A  Warm  Mob  e  AL 
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First  line  of  therapy  faff  advanced  prostate  cancer  {PCa)  is  androgen-deprivation 
through  surgical  or  chemical  castration;  however,  in  majority  of  cases,  tumors 
relapse  in  an  androgen-independent  {AIJ  form.  Cnee  the  FCa  has  recurred  in  A. I 
form,  it  progresses  to  a  highly  aggressive  disease  with  frequent  metastasis  and 
poses  an  increased  risk  of  morbidity  and  death.  Previously,  we  demonstrated  that 
FPP2CA,  which  encodes  for  alpha-isoform  of  the  protein  phosphatase  2A  ;FF2A} 
cata  lyti  c  su  b  u  n  it,  is  dewnreg  u  late d  i  n  prostate  ca  n  car.  F  urthermcre ,  we  showed 
that  FF2A  activity  is  inversely  associated  with  A I  growth  of  FCa  cells  through  a 
novel  median  ism,  whereby  loss  of  PP2A- media  ted  checkpoints  leads  to  the 
a  ctivatic  n  of  Akt  and  E  R  K  a  n  d  parti  a  I  ly  susta  i  ns  a  ndroge  n  re  ce  ptor  {AR}  sig  na  I  i  ng 
under  steroid-deprived  condition.  Since  Al  phenotype  of  FCa  is  associated  with 
enhanced  metastatic  potential,  we  have  investigated,  in  this  study,  a  role  of 
FFF2CA  in  the  aggressive  behavior  of  the  FCa  cells.  For  this,  we  overexpressed 
FFF2CA  in  Al  {C4-2,  and  PC- 3)  FCa  cells,  while  silenced  its  expression  in  AD 
(LHCaPJ  FCa  cells.  We  observed  that  overexpression  of  FFP2CA  in  C4-2  and  PC-3 
cells  not  only  decreased  their  Al  growth  and  clcncgenicability,  but  also  led  to 
reduced  motility  and  invasion  and  enhanced  cell-cell  interaction.  Conversely,  we 
o  b served  i  n  creased  ce  1 1  rncti  I  ity  a  nd  i  n vasic  n  and  de  ceased  ce  I  l-ce  1 1  i  ntera  ctic  n 
upon  FFF2C  A  silencing  in  LNCaF  cells.  Immune  blot  analyses  demonstrated  gain 
of  epithelial  and  loss  of  mesenchymal  markers  in  FFP2CA-overexpressing  FCa 
cells  or  vice  versa  indicting  a  role  of  PP2A  in  opposing  epithelial  to 
mesenchymal  transition  (EMT).  Altogether,  these  studies  provide  evidence  for  a 
functional  role  of  FFP2CA  in  aggressive  behavior  of  Al  FCa  cells. 
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C:  r  os  pTog«re=Sion  of  prostate  cancer  =Cs:  s  tihaTacterzed  by  a  transidcin  ;  m  castration -sens  I  ve 
:C3)  to  oa  a  tra  ton-res  stant  . C R  menctype.  T» ie  resuiting  CR  tumors  are  r  gnty  aggress  ve  and 
metastatic.  and  bus  cose  "n  creased  '  aft.  of  morfc  cLty  a--:  death  to  FCs  patents.  Therefore.  dentsf  is  Lon 
of  neve  gene  targets  assocated  wtih  CR  g-rcwtfi  and  metastatic  t  e  n  5  v  <x  remain  a  prorty  area  n  FCa 
reaearch.  =  re  .  ora  y.  we  :er l ‘  ad  mat  FRP2GA  which  encodes  for  rre  a-  scforni  of  catalytic  sut^jiitt  of 
=F2A  ;a  =er  n&tnjetwi  ne  shospnatase  s  dewnteguiated  n  CRFCa.  h  additional  f-Jidmgs,  we  reported 
that  PF2A  dwwnegiwalscn  susta  "a:  the  growth  of  FCa  ce  s  jnder  sterod-iewve:  conditions.  In  the 
present  stiidy,  ve  examned  the  ro:e  of  FR2A  n  ma  gnant  tenavor  cf  PCa  s  a  iis*ng  jot  wtoo  and'  ot  ww 
r'u.nctona  assays  Furthermore.  Are  alao  de  "eatso  tne  underlying  moecu-ar  mecha  nia^s.  Cur  data 
demonstrated  tn3t  d  :  ..  n-ag  ^iaton  cf  PP&2GA  (m  CS  _NCa=  cere  promoted  vmereas  ta  evefexpresawn 
.  n  CRC+-2and  PC3  :e  s)  decreased  biem;g  ration  and  -  v  s  s  on  of  nj^an  PCa  ce  s.  Sim  ary. 1  e 
observed  s  loss  of  nemotye  -  nteractosns  -  c:pp2CA-E  ence:  LMCaSP  ce  a  e  t  "aeaael  n  PPP^Cfl- 
overeKpess  ng  CA-2  and  FC3  oe  =.  These  changes  .vere  associated  ..  t-  epittie^!  to  mesenchv'maS 
transition  EMT|  or  vee  versa  n  FPP2CA-s  eroed  or  over  expressing  =Ca  :e  s.  respectsveiy.  When 
examinee  .v;  vivo  r  an  odnotop-e  mouse  modei.  FFF 2 CA-a v er expiessjng  -C2  ce  a  ax'"  p  te:  dramatc 
decease  -  lumdr-.genea  a  due  te  d  m  n  =nea  pro deration  and  enhanced  apcatzs  a  as  :o"-i pa red  to  the 
cpnt'o-  ce  s.  !.loreove,r.  sgr  react  reojctcn  "n  metastatc  'ncsdence  v/as  also  -observed.  Mechanistdc 
stud  es  reveaed  tnat  PFP2G4  :owr_eg  j  ate"  ncreaaes  nucieaT  accjnn u.-sa ton  cf  3-:are.^  "  a-:  Np-^E  and 
subsequent  act  vatan  of  UanscnftsoTral  activity  of  the  re=pcns  ve  gene  p no-mote's.  We  also  opserved 
accce’atve  revolvement  cf  both.  Sroatendi  and  NP-<E  n  Me  PPPZCfl  dovin reg uiateen -*i\ duced  EVT  ana 
nvas  veness  of  FCa  :e  s  Lastty,  oj  r  i  s  ta  demo  ns  tps  ted  a  ro  e  of  ==2A  A.ctaxs  n  en  hainced  'i^-::’ear 
accumuiatHn  of  ]■-:-=  tend  and  N  F->vE  tih  rough  p  n  c  s  p  h  or/-  a  ho  n  -  -  o  j  :ep  "  set  v  a  ton  of  Gs  <3-3  and  i<3-a, 
-espectivey  AtogeMer.  our  data  suggest  tnat  css  of  DDDi?CA  s  associated  vv t-  -Ca  cfogress-on  and 
metastsa  s  and  restdratbii  of  FF2A  activity  j  d  serve  as  an  effective  preventive  and/or  tiherape-u tic 
approach  aga  nst  tiie  aovanoed  a  sease 
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